ABSTRACT In this paper, a practical adaptive online constructive fuzzy control (AOCFC) algorithm is proposed to handle the trajectory tracking problem for the unmanned surface vessel under unknown timevarying uncertainties. In the AOCFC algorithm, the dynamic surface control technology combined with ''logical virtual vessel'' can program the rational reference route while avoiding the problem of ''complexity explosion.'' Besides, the proposed online constructive fuzzy approximator (OCFA) is devised to deal with the unknown time-varying uncertainties. The OCFA has two advantages: first, it can estimate the uncertainties without exact information of the dynamic model and external environmental disturbances; second, it employs decoupled distance measure and structure learning mechanism to dynamically and parsimoniously selfconstructing fuzzy rules. At the same time, we have proved that the tracking errors of the closed-loop control system are uniformly ultimately bounded. Finally, the simulation result and comprehensive comparison demonstrate the proposed controller's performance and effectiveness.
I. INTRODUCTION
Unmanned Surface Vessels (USVs) are normally remotely controlled with or without human interventions and are therefore widely used in coastal patrol, military reconnaissance, route surveying and oceanographic sampling, etc [1] - [4] . On one hand, the standard configuration of USV possesses only two actuators, while horizontal 3-DOF (three degree-offreedom) motion need to control. The sway direction cannot be directly controlled and the dynamics of 3-DOF motion (surge, sway, and yaw) are strongly coupled [5] . The other challenge is that the USV inevitably suffers from complex hydrodynamics, uncertainties, and unknown time-varying disturbances such as the marine environments [6] , [7] . Furthermore, the USV motion usually exhibits complex characteristics such as highly nonlinear and is sensitive to environmental disturbances. Therefore, an effective and safe tracking control problem for its autonomous navigation is still challenging from the control community.
Tracking control is one of the fundamental tasks of vessel control, and several researchers have contributed a series of ideas and strategies of model-based control, mainly including feedback linearization [8] , Lyapunov direct method [9] , backstepping technique [10] , [11] , robust control method [12] , cascade system technique [13] , switching control [14] , sliding mode technology [15] , [16] , etc. As the convenience of constructing a Lyapunov function, the backstepping design approach has become popular in the tracking control of underactuated surface vessel [17] , [18] . However, theoretical obstructions of backstepping are as follows: (a) a priori knowledge of the exact dynamic model is needed; (b) the complex computing is aroused by a repeated differential of virtual control law. Fortunately, the first shortcoming is solved by using the approximation-based approach [19] . Then, dynamic surface control (DSC) is presented to remove the ''explosion of complexity'' by adding a first-order low-pass filter in the virtual control [20] . Besides, the use of current modeling techniques does not obtain an accurate mathematical model, especially for the hydrodynamic parameter of practical systems. Then, the external environment is changing in real-time and cannot obtain accurate prior knowledge. Thus, the model-based schemes may not be appropriate for the actual system, and few literatures currently consider unknown time-varying disturbances.
To overcome the limitations of parametric or functional certainty, the approximation-based control methods have been paid wide attention to compensate for the uncertainty of the system. Because of the universal approximation ability of fuzzy logic systems (FLS) [21] , [22] , neural networks (NNs) [23] , [24] and fuzzy neural networks (FNN) [25] , [26] , control strategies based on fuzzy or NNs have been widely used. Reference [22] proposes a decomposed fuzzy system (DFS), which provides more adjustable coefficients to promote probable adaptation in fuzzy rules, and without increasing the extra burden of learning. Alternatively, FNN can strengthen the system's learning ability through the NNs topology [25] and further alleviates online computation load. Based on the input-output data and model structure, [26] proposed an algorithm with time-varying learning rates, which is always robust to any bounded uncertainty. It is worth noting that the above approximation system only updates the parameters in fixed-structure, namely, the number of fuzzy rules or hidden nodes needs to be pre-set without structural adjustment. Nevertheless, it is sometimes hard to select the appropriate hidden nodes or fuzzy rules in practical engineering application. Therefore, if the number of fuzzy rules is not selected properly, the basic merits of the fuzzy system will lost. Aiming to this dilemma, [27] - [30] presented a method to automatically adjust fuzzy rules and parameters, and it has been applied to the general nonlinear system, even the fully actuated surface vehicle [31] , [32] . Then, [33] and [34] presented a self-organizing adaptive fuzzy neural control (SAFNC), whereby the structure learning stage has the ability to generate and eliminate fuzzy rules online in order to achieve optimal neural structure. Nevertheless, in the early stages of learning, the above method structure would be specifically large. Fortunately, a dynamic structure neuralfuzzy network (DSNFN) that takes to be initialized with a large number of fuzzy rules was proposed by [35] for tracking control of robot manipulators, while the adjustment of fuzzy rules depends on the tracking error. On the basis of [36] , the self-organizing neural-fuzzy network (SONFN) reconstructs system nonlinearity with learning stages for structure and parameters, dynamically generation and removal of fuzzy rules to get the size network structure [36] . However, only the growth and pruning of fuzzy rules are not comprehensive to the dynamic adjustment for the fuzzy system. In [31] and [32] , the online self-constructing algorithm includes matching, generation, removal and merging rather than only employ two strategies. However, the proposed controllers in [31] and [32] are only suitable for the fully actuated surface vessels, and then the constructive scheme for the fuzzy rules is too complex to be applied in engineering. As far as we know, few similar studies of the underactuated system have been presented. Hence, it is desired to implement the simple online constructive scheme of the fuzzy system, which will be employed to approximate the unknown uncertainties for the underactuated vessel.
In view of the aforementioned problems, it is necessary to present a simple and practical approximation-based controller for tracking of USV with underactuated characteristics and unknown time-varying uncertainties. Therefore, an AOCFC algorithm is developed for USV trajectory tracking, and the number of fuzzy rules is adjusted dynamically by online constructive fuzzy strategy. The main contributions are summarized as follows:
i. An AOCFC method is proposed to deal with the trajectory tracking control of USV. The proposed method can handle not only the underactuated characteristics but also the unknown time-varying uncertainties. By adjusting (matching, generating, removing and merging) of the fuzzy rules in each dimension individually, the novel OCFA in the proposed AOCFC method is simpler and more practical due to the elimination of dependence on the prior information about the fuzzy system. ii. The combination of DSC technology and ''logical virtual vessel'' not only avoids the problem of ''complexity explosion'', but also ensures that the desired signal is smooth and bounded. The rest of this paper is scheduled as follows. Section 2 details the mathematical model of USV in presence of the unknown time-varying uncertainties, and describes the desired trajectory. Section 3 shows the online constructive strategy and formulates the design process of the adaptive online construction fuzzy controller. Stability analysis and simulation for comparison are performed in Sections 4 and 5. Eventually, conclusion and further work are described in Section 6.
Notation: The |•| is the absolute value for a scalar and • stands the Euclidean norm of a vector or the Frobenius norm of a matrix; R n denotes the n-dimensional Euclidean space; λ max (•), λ min (•) represent the largest and smallest eigenvalues of matrix; • * and• denote the ideal value and estimated value, respectively, and• = • * −• is the corresponding estimation error.
II. PROBLEM FORMULATION
Similar to [37] , a horizontal plane motion model (ignoring motions in heave, pitch and roll) with two actuators is shown in Fig. 1 . The kinematics and dynamics of the USV with unknown time-varying uncertainties are defined as follows: 
where, The control objective of USV system (1) is to design an adaptive online constructive fuzzy control law τ u , τ r with unknown time-varying uncertainties, and tracks an arbitrary smooth reference trajectory (refer to Fig. 1 ) at the corresponding time, while ensuring all signals and tracking errors are uniformly ultimately bounded.
Lemma 1 (See [38] ): If there is a C 1 continuous and pos-
, and the initial conditions are bounded, where ρ 1 , ρ 2 : R n → R are class functions K and c > 0, then the result x(t) is uniformly bounded.
Lemma 2 (Barbalat's Lemma [12] ): Consider the function g(t) : R + → R. If g is uniformly continuous function and lim t→∞ t 0 g(ρ)dρ exists and is finitely, then lim t→∞ g(t) = 0. Assumption 1 [37] : The desired trajectory is formed by a logical virtual USV (3) 
, which are bounded and smooth:
where, all variables have related meanings to (1).
Assumption 2 [37]:
The reference velocities u d , r d satisfy one of the following conditions:
and lim
According to condition L1, the tracking problem is transformed into the dynamic positioning situation. Condition L2 meets the matter of curve tracking. Condition L3 contains the way-point tracking or straight-line problem. By summing up Assumption 1 and Lemma 2, condition L4 means lim
, which solves the parking problem.
Assumption 3: The f j (υ, t) is unknown time-varying nonlinear functions for the controller, where the environment disturbance forces τ wj are unknown, time-varying and bounded.
Remark 1: For all t ≥ 0, and˙ are continuous and bounded. Hence, the desired signal is adequately smooth without actuator saturation generated by discontinuous command input.
Besides, the nonlinear functions f j (υ, t) are related to the operation and environmental conditions of USV, which changes all the time. As such, Assumption 1-3 is reasonable and more practical.
III. CONTROLLER DESIGN
An adaptive online constructive fuzzy controller (AOCFC) is finally designed for USV tracking with the unknown timevarying uncertainties. It is important that online constructive fuzzy approximator (OCFA) is introduced as a tool to approximate the nonlinear function. Owing to the USV is different from the fully actuated vessel in the previous research literature, the control law is adjusted as follows. After that, Fig. 2 details the conceptual signal block diagram for the proposed AOCFC scheme.
A. ONLINE CONSTRUCTIVE FUZZY APPROXIMATOR
Aimed at promoting the design of trajectory tracking controller, a fuzzy approximator with simple online constructive strategy are used to estimate the nonlinear functions f j (υ, t).
1) FUZZY SYSTEM
The fuzzy system is made up of the fuzzy rule base, the singleton function, the product inference and the center average defuzzifier. Consider the following fuzzy rules: where, X = (X 1 , X 2 , · · · X n ) T ∈ R n and f (X ) ∈ R denote the input and output variable for the fuzzy system;
) are fuzzy sets of f (X ) and X i , and P and p i (t) are the number of the fuzzy rules, respectively.
In accordance with the above depiction, the output of fuzzy system is:
where,θ l 1 ...l n = arg max 
Based on approximation theorem [39] , define a continuous function g(X ) ∈ U on a compact set R n . Then, for ∀ε > 0, there must be a fuzzy system (6) as follows:
Therefore, the continuous function g(X ) is able to be expressed as:
where, Q * := arg min
the ideal weight vector; ε * (X ) is the estimation error for the special situation where θ = θ * , which is bounded over the compact set, that is, ε * (X ) ≤ε,ε > 0.
2) ONLINE CONSTRUCTIVE STRATEGY
Note that, there are still problems with the existing fuzzy system. On one hand, the fuzzy systems [24] - [26] must first determine the number of fuzzy rules or hidden nodes. It can be clear that if predefined fuzzy rules are too few, the approximate and tracking accuracy will become poor. If there are too many fuzzy rules, it will cause redundant rule base. On the other hand, constructive strategies are incomplete (only generated and removed) [33] - [36] or too complex [32] . Thus, concise online constructive strategy is proposed to realize online generation and adjustment of fuzzy rules based on decoupling distance. For conciseness of notation, the Gaussian membership function is selected as follows: For clarity, consider that there are p i (t − 1) fuzzy sets for each X i (t) before the current input X (t) arrives. c i = c
are the center and width vectors for the ith input X i (t), and
After that, the generalized distance decoupling between X i (t) and c i are as follows:
Besides, the nearest and farthest fuzzy sets are designed:
After completion of the above preparation, the adjustment of the fuzzy rules is decided by the reasonable and simple judgment conditions, which are the core part of the online constructive strategy, as follows: a) Matching of Rules:
where, d th min is the minimum value of selected threshold and d th min = ln (1/-λ 1 ), 0 < -λ 1 ≤ 1. This means that for the current input variable, a fuzzy set already exists without changing fuzzy rule. b) Generation of Rules:
It means that there is no any fuzzy set that can express the ith current input X i (t), and extra fuzzy set in the ith dimension is required, the c p i (t−1)+1 i and γ p i (t−1)+1 i of which are:
And, the corresponding fuzzy sets are updated as:
with, γ init,i is the initial width value of the newly fuzzy set, p i (t) = p i (t − 1) + 1. c) Removal of Rules:
where, d th max is the maximum value of adopted threshold and
This means that the current input X i (t) does not activate the certain fuzzy set in the set J i,max . That is redundant for the fuzzy system. Based on the situation above, the fuzzy set should be removed: i exist, which should be merged in the following ways:
The merging procedures, as described by the (23), exist c 
Remark 2: The proposed strategy is simple and innovative compared to [31] and [32] , adopting the generalized distance measure (11) rather than coupled measures to adjust the structure of fuzzy system (i.e., matched, generated, removed, and merged), and can keep the fuzzy system sufficient and concise. Therefore, priori knowledge of the fuzzy rules number and fuzzy system structure can be effectively relaxed when constructing the fuzzy system.
B. ADAPTIVE ONLINE CONSTRUCTIVE FUZZY CONTROLLER
Following the above tuning process, the online constructive fuzzy approximator combines with the DSC technology to design an adaptive fuzzy tracking controller for the USV with unknown time-varying uncertainties.
Step 1: DSC method design Define the respective error components as:
In order to stabilize s 1 , the stabilization functionᾱ 12 for the virtual control r can be designed as:
To avoid computing the differential of the virtual control in the next stage, a first-order low-pass filter is introduced as:
where, k o > 0, o = 1, 2, 3 are parameters to be designed, and τ 12 , α 12 are the time coefficient and the output of the filter (26) . In view of (1), (2), (24) and (25), gain:
The desired control law of the design is:
According to Assumption 3, the nonlinear functions f j (υ, t) are unknown time-varying for the controller, thus, the desired control laws (30) and (31) cannot be realized in practice. As mentioned in Subsection III (A), a fuzzy system is used to estimate the uncertain term f j (υ, t) without knowing prior knowledge of uncertainty.
Step 2: Online constructive fuzzy extended DSC Based on system input and output variables, define X =
∈ R 2 as the output for fuzzy system. And, the fuzzy logic rules defined as follows:
u is A l 4 4 v is A l 5 5 r is A Then the output of the fuzzy system is deduced: 
T ∈ R P is the FBF vector with ξ l 1 ···l 6 (X ) (l 1 · · · l 6 = 1, 2, · · · , P) as:
(r)
In (30) and (31), using the fuzzy system (33) to approximate the unknown time-varying function f j (υ, t), have
where, ε(X ) ∈ R 2 denotes the minimum approximate error in ε * m (X ), and
is the ideal fuzzy parameters which satisfy the following form:
In order to update the fuzzy parameters online, we designed the adaptive law to:
where,θ m is the estimated value of the ideal fuzzy parameter; m and γ j are positive constant after the design. Finally, the actual control law (30) and (31) can be rewritten as: 
IV. STABILITY ANALYSIS
, the virtual control signal (25) , fuzzy approximation (35) , adaptive law (37) and actual control force (38) and (39) 
Invoking (24), (25) and (27), the Young's inequality, and the derivative of V 1 with respect to time is obtained by:
Then, define the augmented Lyapunov function candidate:
Using (28), (29), (35) with (38) and (39), the derivative of V is:
In view of (37), obtaiṅ
Note the following facts:
Plugging (41), (45), (46) and (47), get the following inequality:
where, σ, u, c are arbitrarily positive real numbers; µ and c are defined by:
Multiplying e ut in both sides of (48), obtain:
Since u > 0 and c > 0, it can be obtained from (42) and (50):
When utilizing Lemma 1 to analyze (42)-(48), it is concluded that s o , y 1 ,θ m (m = 1, 2) are uniformly ultimately bounded. In addition, the virtual controlᾱ 12 , α 12 and the state variables ψ, u, r are uniformly ultimately bounded as well. Then, according to Lemma 2 (Barbalat's lemma), we can conclude that lim 
V. SIMULATIONS STUDIES
In simulation, the proposed adaptive online constructive fuzzy control (AOCFC) algorithm is compared with the adaptive structure-fixed fuzzy control (ASFFC) method to validate the effectiveness and merits of the online constructive fuzzy strategy, and the main nominal model parameters of an USV are listed in Appendix (Table 3 ) [40] . For the above purpose, the two cases (i.e. there are too few fuzzy rules or too many) have been taken into account in the following comparison simulation. Note, the model parameters, uncertainty dynamics and disturbances terms are unknown for the controller design.
According to Assumptions 1-2, the initial states for the desired trajectory and reference velocities are set as Remark 3: In order to compare the simulation results effectively, two algorithms choose the same control and adaptive parameters in the simulation. In Subsection V (A), the difference between the two cases lies in fuzzy system structure (using online constructive fuzzy or structure-fixed fuzzy) and the number of fuzzy rules, which is designed to be too few (Case 1) or too many (Case 2), respectively. Table 2 .
B. SIMULATION ANALYSIS
The simulation results are comparable from two aspects. Case 1 employs a total of 64 fuzzy rules via designing 2 fuzzy sets in each input, then in the Case 2, a large number of fuzzy rules (totally 18000) are selected. Meanwhile, the proposed AOCFC can construct meaningful fuzzy sets online for each variable for dynamical parsimonious fuzzy rules, while the ASFFC is structure-fixed and need to be reasonably designed in advance. In Figs. 3-4 , the tracking errors η e = [ x e y e ψ e ] T and actual velocities υ = [ u v r] T are shown, respectively, from which it can see that USV has different position errors and velocities in the tracking desired trajectory for Case 1 and Case 2. Fig. 5 only plots the force τ u and torque τ r , which further indicates the USV characteristics of the underactuated. Compared to the ASFFC, the proposed AOCFC always displays that the system states and tracking errors converge rapidly, smoothly and without overshoot.
Although both the online constructive fuzzy and the structure-fixed fuzzy controllers can make the USV track the desired trajectory in the influence of the unknown time-varying nonlinear dynamics f j (υ, t), there are too few fuzzy rules in Case 1. The control performance is significantly different from Figs. 3-8 (a) and (b). In Fig. 1(a) , the position error shows that the fixed-structure fuzzy control scheme has a great error and poor tracking performance. Moreover, the control errors of the proposed AOCFC in both cases are relatively smaller (within 1m), although it does not converge to zero, that is acceptable to the control objectives. Compared to Fig. (b) , Fig. 4(a) and Fig. 5(a) illustrate that the actual velocities and control torque signals have evident oscillation during the initial phase of using the ASFFC, with periodic fluctuations throughout the simulation. The numbers of individual states and total fuzzy rules are illustrated VOLUME 6, 2018 in Fig. 6-7 , which show the simplicity of dynamically constructing fuzzy sets online. As can be seen from Fig. 7 , the proposed AOCFC has better approximation performance because of the online construction ability of the fuzzy system, while the chatter drawn of the ASFFC is due to the inappropriate predefined fuzzy rules. Fig. 8 suggests the norms of the fuzzy system parameters, and according to the description in the proof of Theorem 1, it further illustrates the boundedness of θ m , m = 1, 2.
On the other hand, the setting of two fuzzy controllers almost the same in case 2, except that the fuzzy system is different, namely, the fuzzy rules are too many. And then the online construction scheme is not considered in ASFFC. However, the outputs and inputs of the control system are smooth with no chattering, which shows the similar control performance in the proposed AOCFC and the ASFFC as shown in Figs. 3(b)-5(b) . As can be seen from the blue dashed lines in Fig. 6(b)-7(b) , to achieve tracking performance, the fuzzy system with structure-fixed includes more fuzzy sets than the online constructive fuzzy system, which means that the structure of the ASFFC is too redundant. Consequently, it shows that the online constructive fuzzy strategy can keep the fuzzy rules as little as possible in the premise of approximately the similar control performance and can be adjusted online in real-time. Moreover, the design of fuzzy controller is relatively simpler.
As mentioned above, whether the fuzzy rules too few or too many, the proposed AOCFC can track the desired trajectory with relatively high steady-state tracking accuracy and rapid transient responses. It is clear that the proposed AOCFC is able to achieve parsimonious fuzzy rule base by assigning its center, width and output weight which is updated online by decoupled distance. Using a similar program, the number of fuzzy rules can be constructed online and adjusted in realtime, and can be used to estimate uncertainty sufficiently. Importantly, the proposed method can realize satisfactory estimating performance by the online constructive fuzzy system, and has strong self-adaptability. Meanwhile, this can promote to employ the proposed method to the practical engineering system in a degree. 
VI. CONCLUSION
An adaptive online constructive fuzzy controller (AOCFC) is proposed for the USV trajectory tracking while guaranteeing system stability in this paper. A novel online constructive fuzzy approximator (OCFA) is integrated into the DSC technique to estimate the unknown time-varying uncertainty. From comparisons with the structure-fixed fuzzy controller, it can be drawn that the proposed online constructive fuzzy strategy be capable of adjusting the fuzzy rules online to ensure the sufficiency and simplicity of the fuzzy system.
It is known that the dynamic parameters of the USV and external environmental disturbances are unknown in reality. Without any requirements for the exact knowledge of models and disturbances, the fuzzy control algorithms, especially the online adjustment fuzzy method, are significant. Theoretical analysis and simulation result have verified the effectiveness and adaptability of the proposed strategy in this paper, which can also be applied to many other systems, such as the robot, aircraft, and underwater vessel, etc. However, this study ignores the input constraint of the thrusters, which has a great impact on the closed-loop control system.
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